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ABSTRACT
Context. Lightning flashes in Jupiter have been observed by spacecraft orbiting the planet, but so far, they have escaped optical
detection from Earth. However, theoretical estimations suggest that these flashes may be detectable by a large telescope if they can be
distinguished from the much more intense background of reflected sunlight from the dayside of the planet that is visible from Earth.
Aims. Here we attempt such a detection with the 10.4 m Gran Telescopio de Canarias (GTC) telescope.
Methods. To increase the signal-to-background ratio of Jovian lightning flashes in the dayside, we used the recently commissioned
fast-photometry modes of the GTC together with a tunable narrowband filter centered on the hydrogen Hα line. The observations were
then tested to determine whether they contain statistically significant deviations from the expected noise and instrumental artifacts.
Results. Our results are consistent with the null hypothesis that lightning flashes were not detected.
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1. Introduction
Thanks to 35 yr of exploration of the solar system, we now
understand that atmospheric electricity is a common feature of
planetary atmospheres. Voyager I (Cook et al. 1979) was the
first probe to unambiguously image extra-terrestrial lightning
flashes as it observed Jupiter’s night-side. Similar but increas-
ingly accurate observations were carried out by the space probes
Galileo (Little et al. 1999), Cassini (Dyudina et al. 2004) and,
most recently, New Horizons (Baines et al. 2007). Cassini has
also observed lightning flashes in Saturn: first on its night-side
(Dyudina et al. 2010), and recently also on its day-side (Dyudina
et al. 2013). In addition to these optical recordings, lightning dis-
charges have also been detected in radio wavelengths in Jupiter
(Gurnett et al. 1979), Saturn (Warwick et al. 1981; Fischer et al.
2008; Zakharenko et al. 2012), Uranus (Zarka & Pedersen 1986),
Neptune (Gurnett et al. 1990; Kaiser et al. 1991), and possibly
Venus (Gurnett et al. 1991).
On the other hand, there are few ground-based optical ob-
servations of extra-terrestrial lightning: only one claimed detec-
tion of seven flashes in Venus by Hansell et al. (1995), which
has never been reproduced and therefore remains controversial.
The obvious reasons are the faintness of the signal from a light-
ning flash as it reaches an Earth-based telescope, as well as the
quick, transient nature of the emissions, lasting probably only
some milliseconds.
In this work we focus on Jupiter, where orbiting and passing-
by spacecraft have observed many lightning flashes, from which
their properties were reasonably well constrained. However,
there is one major difficulty in searching for lightning flashes in
Jupiter: its night-side is never visible from Earth, which means
that a lightning flash must be distinguished from the much more
intense flux of reflected sunlight. In an attempt to overcome
these limitations, we used the 10.4 m telescope GTC and a com-
bination of fast photometry, narrowband optical filtering, and
statistical analysis. Although we did not succeed in detecting
lightning emissions, we report here our methods and results; they
serve as a constraint on the abundance and intensity of Jovian
lightning and may provide information for future investigations.
To understand our approach, we first outline the existing
knowledge about lightning in Jupiter. This information is mostly
gathered from the optical and radio observations by visiting
spacecraft mentioned above. For a more detailed review about
planetary atmospheric electricity we refer to LeBlanc et al.
(2008) and the recent update by Yair (2012).
Motivated by the Voyager I observations reported by Cook
et al. (1979), Borucki et al. (1996) investigated electrical dis-
charges in a laboratory model mimicking the composition of
the Jovian atmosphere. They observed that the emitted opti-
cal energy sharply concentrates around the Hα emission line at
656.28 nm. However, the wavelength width of this emission de-
pends on the gas pressure at the location of the lightning dis-
charge, which is presently uncertain, although it is believed to
be between 1 and 7 bar. Higher pressures lead to a significant
widening of the Hα line (Borucki et al. 1996).
With the explicit purpose of searching for atmospheric elec-
trical phenomena in Jupiter and Saturn, the Cassini Imaging
Science Instrument (Porco et al. 2004) was equipped with a nar-
rowband filter centered at Hα, with a waveband of about 10 nm.
Although lightning was indeed observed in Jupiter, it was signif-
icantly less frequent than reported by the Voyager and Galileo
missions, which used broadband filters. This led Dyudina et al.
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(2004) to claim that lightning possibly occurs at high pressures
and that the Cassini filter band was too narrow. However, since
one cannot rule out a strong seasonal dependence of the lightning
rate and distribution, and since the spectra measured by Borucki
et al. (1996) are the only available predictions, we assume here
that the Hα line dominates the spectrum of Jovian lightning.
The latest observations of lightning in Jupiter, reported by
Baines et al. (2007), were carried out by the New Horizons
spacecraft. Its images showed that lightning extends up to the
polar regions, confirming that it is probably driven not by the so-
lar energy input, as on Earth, but by the internal heat convection
of the planet.
The evidence and measurements brought by space missions
lead into three conclusions about lightning flashes in Jupiter that
are relevant for us:
1. The light emissions are probably concentrated around the
Hα line, although how this line is widened by pressure ef-
fects is currently unclear.
2. Although lightning extends to higher latitudes than on Earth,
it is more abundant at 13.5◦ N and mid-latitudes (Magal-
haes & Borucki 1991). In particular, its distribution appar-
ently peaks around 50◦ latitude in both hemispheres (Dyud-
ina et al. 2004; Baines et al. 2007).
3. The optical energy released by a lightning stroke is of about
109 J to 1010 J (Little et al. 1999; Baines et al. 2007).
The last point suggests that detection from a large Earth-bound
telescope may be possible. Assuming isotropic emission and ne-
glecting the extinction by the two intervening atmospheres, the
total number of photons arriving at a telescope is approximately
N ≈
(Eλ
hc
) A
4piL2
, (1)
where E ≈ 109−1010 J is the emitted optical energy, λ ≈
656.28 nm is the dominant wavelength of the emissions, A =
73 m2 is the collecting area of the telescope, L ≈ 5 AU is the
Earth-Jupiter distance, and h, c have their usual meaning. These
quantities lead to N ≈ 4 × 104 to 4 × 105 photons at the de-
tector. This number suggests that lightning can be plausibly de-
tected, which was our motivation to attempt the detection of Jo-
vian flashes from the Gran Telescopio de Canarias (GTC).
2. Methods
Our observations were made on 14 March 2014, using the fast-
photometry mode of GTC combined with the red tunable filter
(RTF). Our setup is summarized in Fig. 1. The fast-photometry
mask of OSIRIS covers a field of view (FOV) of 7′ × 3′′, but we
windowed the CCD readout and used a FOV of only 2.5′ × 3′′,
a window 1200 pixels wide. The center of the Jupiter disk was
located at 2.78′′ from the CCD center, and the RTF was set to
a central wavelength of 660.2 nm, and the minimum achievable
width of 1.2 nm was used. The effective wavelength at which
the RTF filter is tuned varies along the CCD. With this setup, the
central wavelength was set to 656.3 nm (Hα line) in the center of
the Jupiter disk. Given the angular size of Jupiter, the changes
in this central wavelength are ±0.34 nm from pole to pole (the
north pole being redder than the south pole). This change in
wavelength is much smaller than the width of the filter. Over
the sky area, the central wavelength of the RTF changes as well,
but here the expected contribution is only that of cosmic rays
impacting the detector, which is not wavelength sensitive.
Fig. 1. Setup of our observations. The slit had a field of view of 2.5′ ×
3′′ and was aligned along Jupiter’s polar axis. During the observation
Jupiter had a visible diameter of about 41′. The slit was open during
50 ms, and after the exposure, the CCD charges were transferred to
lower pixels, thus forming the stripe pattern image shown on the right.
Each image consisted of 58 valid stripes, and we collected 208 images.
For clarity, lengths in the picture are not to scale.
Using the model spectra of Borucki et al. (1996) as a refer-
ence, we estimated the power fraction of the optical energy that
passes through our filter. Assuming perfect transmission inside
a window of 1.2 nm around 656.28 nm and no transmission out-
side, we estimate that we collected 3%−5% of the light from a
lightning flash reaching the telescope, depending on whether the
lightning originated at 5 bar or 1 bar. Following Dyudina et al.
(2004), we consider the highest pressure more likely and there-
fore assumed a transmission rate T = 3% for our setup.
At the time of our observation, Jupiter was at about 4.85 AU,
with an apparent diameter of 40.6′′. At that distance, lightning
on a scale of 100 km subtends an angle of about 0.03′′; our
signal-to-noise ratio would be highest at this angular resolution,
but we were limited by the OSIRIS resolution of about 0.254′′
and, more importantly, by the natural seeing of about 1′′ (see
below).
According to Borucki et al. (1996), the best signal-to-noise
ratio is obtained when the selected exposure time is equal to
the duration of a lightning flash. In our setup, individual ex-
posure times were 50 ms, after which the charge was transferred
to lower pixels in less than 1 ms. Shorter exposure times would
have been desirable, but cannot be achieved with OSIRIS. Up
to 58 valid subimages were obtained before the CCD was full
and had to be readout in 18 s. We refer to each of these subim-
ages as a frame, while the set of 58 consecutive frames obtained
in a CCD readout is called a series. In total, 208 series (each
with 58 frames) were collected, totalling 12 064 frames, which
is equivalent to a total exposure time of 603.2 s.
Immediately after recording these data, we captured images
of a distant star (55 Canc, Mv = 5.95) that we used to measure
our seeing conditions. From these images we estimate that the
maximum of the normalized point spread function (PSF) is about
α = 0.015, meaning that a point source with a total intensity I
produces a peak pixel intensity of about 0.015I.
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Taking into account this smearing out and the fraction of
light transmitted by our filter, our estimate of about 4 × 104
to 4 × 105 photons per flash collected by the telescope trans-
lates into a peak of between 18 and 180 photon counts. In gen-
eral, and returning to (1) but accounting for the filter transmit-
tance and smearing-out, an event with a peak count rate Ip corre-
sponds to an optical energy at the source E = 4pihcL2Ip/λαAT ≈
Ip × (6.1 × 107 J).
3. Data analysis
3.1. Statistical distribution of intensity fluctuations
Since the rotation of Jupiter and the displacement of cloud fea-
tures in the planet have characteristic times much longer than the
interval between two consecutive frames, the variations between
frames whithin a single series may only be due to one of the
following factors:
1. Shot noise from the telescope’s CCD. Sometimes called pho-
ton noise, this refers to variations in the random arrival of
photons to our detector. We neglect other forms of noise
such as readout noise, which in OSIRIS is below 4.5 counts
per pixel (Cabrera-Lavers 2013).
2. Variations in the terrestrial atmosphere, seen as temporal
variations in the transmittance that equally affect all pixels,
but also changes in the PSF that distort the geometry of the
cloud features in Jupiter.
3. Spurious signals due to the incidence of a cosmic ray into the
CCD during the exposure or readout time.
4. Lightning flashes or any other transient event occuring in the
Jovian atmosphere.
We adopt here the null hypothesis that the data can be explained
by factors 1−3 alone, which means that there is no statistically
significant detection of lightning flashes. To reach this conclu-
sion, we first need to analyze the signal expected from each of
the items above.
We first investigate the broad statistical features of our sam-
ple. Since each of the 208 series of frames (subexposures) was
analyzed independently, we focus on one of them. Let Ii, j be
the signal measured at pixel i in frame j, where 1 ≤ i ≤ M,
1 ≤ j ≤ N, with M = 1200 × 19 = 22 800 being the number
of pixels in each subexposure and N = 58 the number of subex-
posures in each image. Transient events cause variations of Ii, j
relative to the frames immediately preceding and following j,
which we quantify as
∆Ii, j = Ii, j − 12
(
Ii, j−1 + Ii, j+1
)
. (2)
This value is clearly undefined for the first and last frames in a
series, which are not used here.
We collected all the values of ∆I in the observation and sep-
arated them into those within the sensor area illuminated by the
planet and those in the region exposed only to the dark sky. The
empirical distribution functions of each of these collections, nor-
malized to unity, are shown in Fig. 2. The normalization allows
us to compare the two distributions even though they result from
different areas in the detector. Note that in this analysis we ig-
nored the spatial distribution of the ∆I, that is, if a single cos-
mic ray left a mark in several pixels, we counted each of them
individually.
The distribution from inside the planet consists of a large
bulk followed by a power-law tail, with the transition between
101 102 103 104 105
I
10 12
10 11
10 10
10 9
10 8
10 7
10 6
10 5
10 4
10 3
10 2
10 1
N
or
m
al
iz
ed
 p
ro
ba
bi
lit
y 
de
ns
it
y
Planet
Sky
Fig. 2. Histogram of occurrences of values of ∆I for the detector area
exposed to the planet and for the area exposed to the dark sky.
them being around ∆I ≈ 1500 counts (corresponding to about
8.2 × 1010 J optical energy at the source). The bulk, which is
obviously absent from the sky distribution, contains the inten-
sity variations due to shot noise entangled with variations in the
atmospheric conditions (i.e., points 1 and 2 above). The tail, on
the other hand, is very similar in the planet and the sky distribu-
tions. This suggests that these ∆I are unrelated to any process in
Jupiter, but instead result from cosmic rays impacting the sensor
(i.e., point 3 in the previous list).
Even though in this preliminary visual inspection of Fig. 2
we do not see any feature that deviates from the null hypothesis,
it is still possible that a weak signal is hidden behind the noise
and the artifacts that dominate the distribution. To rule out this
possibility, we now engage in a more precise statistical analysis.
3.2. Cosmic-ray tail
We first consider the tails of the two distributions in Fig. 2. In
principle, a difference in these two distributions would indicate
energetic, transient emissions in Jupiter. However, we must be
careful: even if these emissions do not exist, there would still be
a slight difference in the tail distributions of the clear sky and the
planet. The reason is that inside the planet the counts produced
by each cosmic ray are added to the background noise, which is
much higher than in the sky.
Therefore, to rule out any contribution of transient emissions
from Jupiter, we compared the tail distribution of the planet with
an artificial distribution derived from the sky data. We con-
structed this distribution by adding to each ∆I value in the sky
sector a randomly chosen ∆I from within the planet. Neglecting
the low probability that the chosen ∆I corresponds to a cosmic
ray, the resulting distribution is what we would expect from in-
side the planet in the absence of lightning flashes. Limiting our-
selves to ∆I > 1500, we applied a Kolmogorov-Smirnov test to
the data from inside the planet and the artificial distribution. The
resulting p-value of 0.3 is consistent with both distributions be-
ing identical, therefore we conclude that there is no statistically
significant presence of flashes in the tail of the distribution.
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3.3. Bulk of the distribution
After excluding lightning flashes in the tail of Fig. 2, we may
still wonder whether there are flashes hidden within the bulk of
the histogram. To address this possibility, we return to our list
of possible causes of variation and explore how the bulk distri-
bution is determined by items 1 and 2.
The shot noise in the number of photons reaching a pixel in
the CCD follows a Poisson distribution. If the gain of the CCD
is g = 1, the probability that the signal in a given pixel equals I is
P(I|µ) = µ
Ie−µ
I!
, (3)
where µ is the expected value of I, uniquely characterizing the
distribution. In general, µ depends on the pixel location i and
the frame index j, but for clarity we have omitted the indices
here. For a general g, the Poisson distribution applies not to the
signal I, but to the number of photons collected by the CCD, gI:
Pg(I|µ) = gP(gI|gµ). (4)
The OSIRIS user manual (Cabrera-Lavers 2013) estimates g ≈
0.90 for the CCD we used. However, since our measurements
are very sensitive to small deviations in g, we describe below
how we fitted g to minimize deviations from our data.
To test (4) against our observations, we need a good esti-
mation of the expected value µ. If µ were independent of the
frame j,we could have estimated it by averaging Ii j over j. How-
ever, µ may be different between different exposures for a given
pixel due to the variations in the atmospheric transmittance and
PSF.
We thus arrive at the central point of our analysis: how to dis-
tinguish the shot noise from the random variations introduced by
the atmosphere, given that we do not have an accurate model for
the latter. The key here is that the variations caused by the atmo-
sphere are strongly correlated between different pixels, whereas
shot noise is uncorrelated. Therefore we can isolate the shot
noise by removing from the variations in one pixel the part that
is correlated with other pixels in the image.
We used the principal component analysis (PCA; Jolliffe
2002) to perform this separation. With this technique we de-
composed the signal Ii j as Ii j = µi j + ri j where the µi j, although
different for each pixel, are heavily correlated and estimate the
signal expected in the absence of noise. The shot noise is thus
contained in the residua ri j, which are mostly uncorrelated. In
our analysis we obtained µi j by projecting Ii j into the subspace
defined by its three first components.
As in any attempt to extract a signal from noisy data, we
cannot avoid some amount of overfitting. In our case, this means
that the expected values µi j, because they result from a fit of
the measured intensity, follow the data too closely and therefore
underestimate the noise, ideally contained in ri j. However, us-
ing a bootstraping method, we checked that the ri j arise from
shot noise by comparing their distribution with the distribution
of random variables r′i j that we sampled as follows: after ob-
taining µi j, use them as parameters of a Poisson distribution to
generate a new set of random I′i j; then apply the PCA over these
random intensities to obtain µ′i j and r
′
i j such that I
′
i j = µ
′
i j + r
′
i j.
By construction, the r′i j result purely from Poissonian noise; by
comparing the distributions of ri j and r′i j we can find out if the
ri j can also be explained purely by noise. Note that although µi j
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Fig. 3. a) Histogram of the residuals r after performing a principal com-
ponents analysis to remove atmospheric variations. The residuals are
distributed among equally spaced bins of width w = 10. b) Difference
between the counts per bin in our data, nb and in a randomly gener-
ated sample that simulates shot noise, n′b and σ and 3σ levels required
for a statistically significant detection. The right axis translates these
numbers into a frequency of events in the full disk of the planet, pro-
viding a constraint on the frequency of flashes from our observations.
The lower axis translates a peak pixel excess intensity into an estimate
of the total optical energy of an hypothetical flash in Jupiter, account-
ing for the smearing due to the seeing conditions. The horizontal blue
line marks the rate estimated by Little et al. (1999) and extends to the
highest lightning energy observed by these authors.
and µ′i j are different, both derive from averaging over many data
points, so their difference is much smaller than the noise.
However, note that the distribution of the new r′i j depends
on the detector gain g, which we do not know precisely. Given
the large number of sample points that we accumulated, even
small deviations from the precise value of g cause statistically
significant differences in the distributions of r and r′. To ex-
clude that possibility, we searched for the g that minimizes the
Kolmogorov-Smirnov distance between the two samples, in-
cluding the full set of measurements. This was achieved for
g ≈ 0.9118, close to the value g ≈ 0.9 provided by the OSIRIS
manual (Cabrera-Lavers 2013). For this value we obtained a
p-value of about 0.6, which is consistent with r and r′ being
equally distributed and hence with the null hypothesis that r only
contains noise.
3.4. Detection threshold
The separation between noise and atmospheric variation enables
us to quantify our detection threshold. We distributed the values
of ri j for all images and subexposures within equally spaced bins
of width w = 10; the resulting histogram is plotted in Fig. 3a.
The number of residues r falling into a bin b is nb. How large
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must nb be to distinguish it from random variations? We can
estimate this threshold by comparing nb with n′b, the number of
values from the purely random sample r′ that fell into the same
bin. If nb is random, the variance of the difference nb − n′b is
Var(nb − n′b) = Var(nb) + Var(n′b) ≈ nb + n′b, (5)
where the latter approximate equality arises because the number
of events inside a bin is again Poisson-distributed.
To claim a significant deviation from randomness, the mag-
nitude of the difference nb − n′b must therefore be larger than a
few times the standard deviation σ =
√
nb + n′b. In Fig. 3b we
plot σ and 3σ together with the measured |nb − n′b|. Clearly, we
lack a significant signal above the random background except in
the cosmic-ray tail, which we have already discarded.
Since theσ and 3σ curves in Fig. 3b quantify the background
noise of our observations, they also mark the detectability thresh-
old and thus constrain the occurrence of flashes in Jupiter. For
this reason, on the right vertical axis we translated these values
into counts per square kilometer per year, assuming a constant
and homogeneous distribution of flashes. Here we took into ac-
count the total observation time and the area of Jupiter covered
by the slit. In principle, our results show that for a given excess
intensity r, the number of flashes per second in Jupiter is below
the 3σ curve: otherwise we would have observed them. How-
ever, note that this analysis does not account for the clustering of
flashes in space or in time.
4. Discussion and conclusions
Although unsuccessful, our search may be useful for future in-
vestigations. The lowest horizontal axes in Fig. 3b measure the
optical energy corresponding to a given count excess, where we
have accounted for smearing and filter transmission. As we
mentioned above, a strong flash in Jupiter would emit an op-
tical energy of about 1010 J, leaving about 180 counts in our
CCD. At about this value, our setup required at least some thou-
sands of events per bin to distinguish them from noise. This
number of flashes within our observation time corresponds to a
flash rate of a few times 1 km−2 yr−1, far above the estimate of
4.2×10−3 km−2 yr−1 reported by Little et al. (1999). On the other
hand, Fig. 3b shows that even a few flashes with energies around
1011 J would have been enough to distinguish them from cosmic
rays; these energies are significantly above the maximum energy
observed by in-situ spacecraft, however.
Our research, and in particular Fig. 3b, suggest several pos-
sible ways to increase the chances for detecting Jovian lightning
from a ground-based telescope:
1. The first way is to accumulate more observation time to in-
crease the signal-to-noise ratio. A short consideration shows
this approach to be unrealistic: considering the rate estimated
by Little et al. (1999), we would need to improve our signal-
to-noise ratio by a factor of about 103 to detect flashes of
109 J. This would entail increasing our observation time by
a factor 106, which is obviously impossible.
2. A more promising approach would be to increase the peak
pixel signal that a flash leaves in the CCD. As we said above,
the atmosphere smeared out our signal by a factor α = 0.015;
without that distortion, a 109 J-flash would create a signal of
about 103 counts, where the curve of Fig. 3b moves below
the expected rate, facilitating a detection. Reducing the at-
mospheric distortion can be accomplished with adaptive op-
tics (AO), which would bring our resolution closer to the
resolution limit of the telescope (0.254′′ for OSIRIS). This
technique is not yet available at GTC, however.
3. A complementary method to improve our detection threshold
is to consider the clustering of lighting flashes. By mapping
pixels to planet coordinates, we can search for regions that
accumulate several high pixel values. This technique by it-
self is not enough within our setup: the number of candidate
events detected with intensities corresponding for instance to
a 1010 J-flash is still too large to detect patterns indicating a
thunderstorm.
We finally note that the strongest barrier for our observation was
the intense sunlight scattered by Jupiter. Observing a planet with
part of its night-side facing Earth would strongly reduce the
background noise, lowering the detection threshold. The only
suitable candidate for this is Venus, and, as we mentioned in
the introduction, these observations were carried out by Hansell
et al. (1995) but have not been reproduced afterwards (Yair
2012).
As this preliminary work shows, although extraterrestrial
lightning is intense enough to be detected from ground-based
telescopes, it is very difficult to distinguish this signal from scat-
tered sunlight in the dayside of external planets. However, the
improved instrumentation and larger telescopes that will become
available within the next decade offer a realistic chance of suc-
cess in these observations. It is our hope that this work will
provide a basis for future investigations in this direction.
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